DNA repeats are causes and consequences of genome plasticity. Repeats are created by intrachromosomal recombination or horizontal transfer. They are targeted by recombination processes leading to amplifications, deletions and rearrangements of genetic material. The identification and analysis of repeats in nearly 700 genomes of bacteria and archaea is facilitated by the existence of sequence data and adequate bioinformatic tools. These have revealed the immense diversity of repeats in genomes, from those created by selfish elements to the ones used for protection against selfish elements, from those arising from transient gene amplifications to the ones leading to stable duplications. Experimental works have shown that some repeats do not carry any adaptive value, while others allow functional diversification and increased expression. All repeats carry some potential to disorganize and destabilize genomes. Because recombination and selection for repeats vary between genomes, the number and types of repeats are also quite diverse and in line with ecological variables, such as host-dependent associations or population sizes, and with genetic variables, such as the recombination machinery. From an evolutionary point of view, repeats represent both opportunities and problems. We describe how repeats are created and how they can be found in genomes. We then focus on the functional and genomic consequences of repeats that dictate their fate.
Introduction
Genetic amplifications were associated with phenotypic diversification as early as the 1910s (for a review see, Taylor & Raes, 2004) . Such early studies played an important role in the establishment of the association between genotypic and phenotypic variation. They also led to speculations about the association between repeated elements and functional diversification, via the creation of genetic variation (Bridges, 1935) . The amplification of genetic material creates duplicated sequences that are expected to be at least partly redundant. Accordingly, selection should be relaxed on the pair of repeated elements, i.e. on the pair of copies of the repeat (Serebrovsky, 1938) . How frequently are repeats fixed in populations and how such fixation occurs became a highly popular subject of research over the years, especially since Ohno (1970) suggested that most novelties in complex genomes arose from duplication and divergence of genetic elements. It is almost consensual that gene and genome duplications are the major source of functional novelties in the genomes of animals and plants. But in prokaryotes, the amplifications of genetic material are unstable and compete with horizontal gene transfer for the major role among the mechanisms allowing the acquisition of novel functions.
Apart from their involvement in gene duplication, repeats are targeted by recombination processes and thus play extremely important roles in genome stability and plasticity. Through recombination, repeats increase the rates of rearrangement, amplification and deletion of genetic material. Deletions and amplifications of short tandem repeats are particularly frequent and often result in phase variation, i.e. in stochastic switching of gene expression. By engaging in nonreciprocal recombination (gene conversion), repeats can also lead to new combinations of pre-existing alleles. As we shall discuss, many prokaryotes use repeats and homologous recombination to generate high rates of sequence variation related to key functions. Finally, closely spaced inverted repeats (IRs) result in structured DNA or RNA molecules. Such repeats are widespread in genomes and often interfere with gene expression. Therefore, repeated elements have the potential to increase genome plasticity and have been recruited to produce localizing sequence diversification by recombination processes.
When compared with eukaryotes, bacteria and archaea have small compact genomes with typically c. 85-90% of sequence coding for proteins or stable RNA molecules. Most of the remaining genome corresponds to regulatory regions. Because few chromosomal regions are devoid of functional constraints, prokaryotic genomes could be expected to be devoid of repeated elements. While prokaryotic genomes do not attain the number of repeats found in some eukaryotes, they sometimes contain hundreds or even thousands of large repeats. Thanks to existing repeat detection tools, these elements can be identified in silico when genome sequences are available. In this article, we will review how repeats arise in genomes, how they evolve and what are their consequences in terms of the structural and the functional evolution of genomes. This cannot be an exhaustive review on the types and effects of repeats in genomes because the literature is too vast. Therefore, we concentrate on general mechanisms and on some of the best-studied examples of the roles and effects of repeats in genomes expecting to give a bird's eye view of this very dynamic topic.
What is a DNA repeat? Multiple perspectives on repeats
To precisely define a DNA repeat, one must consider mathematical and biological aspects. Mathematically, a repeat is a subsequence of a given genome that resembles another subsequence in the same genome. One is usually interested in repeats unexpected in a random assembly of the genetic text. Such repeats have not arisen by purely stochastic processes and usually uncover a relevant biological phenomenon. Biologically, repeats are interesting because they are a source of functional overlapping and sequence recombination. Overlapping arises when repeats establish an association between genetic elements. For example, two proteins with a similar protein domain share a biochemical property that allows some functional redundancy (Pasek et al., 2006) . Genes can also be coexpressed if they have similar copies of a repeat in their regulatory regions. In this case, repeats can effectively produce associations between genes in genetic networks. Moreover, repeats may include entire genes or operons, in which case some functional redundancy arises from the overlapping of functions between the two copies. Such overlapping may be nearly complete, as in the multiple copies of rRNA gene operons in many genomes. One should not, however, equate overlap with redundancy. For example, the multiplicity of rRNA gene operons is the fruit of selection for high gene dosage in moments of exponential growth (Klappenbach et al., 2000) . Hence, even if the copies are identical they are not redundant in the sense that deletion of one copy cannot be fully compensated by the remaining copies. Finally, recombination is probably the mechanism that most frequently comes to mind when thinking about repeats in genomes. This is because most recombination processes require some level of sequence similarity between the sequences. Considering the three previous points, i.e. mathematics, functional overlapping and sequence recombination, can one establish a meaningful definition of a DNA repeat?
Many methods have been developed to find the significance of repeats in genomes but two problems commonly arise: the definition of a null model and the reliability of mathematical approximations. The null model, i.e. the definition of what one expects 'by chance alone' , often assumes that genomes arise by the random assembling of a predefined oligonucleotide usage. As a result, there is no perfectly correct null model as one can build a random genome by shuffling nucleotides, dinucleotides, codons, etc. (Robin et al., 2007) . Because genetic texts are the result of the super-positioning of many codes, associated with different cellular processes, these models are necessarily crude approximations of the reality. Sometimes the choice of the null models is inherently simple for a given problem; for example, a codon-based model is a reasonable choice to identify intragenic repeats. In most circumstances, the choice of a model is much less obvious. For example, the analysis of an intergenic region of a mixture of coding and noncoding regions can require the use of several different models to account for different effects. Once a model is chosen, it is still necessary to assess the statistical significance of the results. Statistical analyses often rely on a number of mathematical approximations, such as regarding sequences as nearly infinite and/or oligonucleotide usage following some asymptotic statistical distribution. Furthermore, statistics for degenerate repeats with insertions and deletions are nearly always empirical (Waterman & Vingron, 1994) . This can be a considerable problem when searching for repeats in small sequences, but it is rarely an issue when analyzing complete genomes.
Overlapping functions are extremely hard to uncover from biological sequences because the function of most repeated elements is poorly known. Even when such repeats concern genes of known function, it is still hazardous to quantify the degree of functional overlapping between paralogues from sequence identity alone. As a result, this parameter is rarely accounted for when defining repeats.
Repeats-mediated recombination processes usually may involve homologous recombination, slipped-strand mispairing or site-specific recombination. Intragenomic recombination between repeats has extremely important consequences in terms of sequence diversification and genome dynamics.
The frequency and extent of recombination will crucially depend on the repeat length, distance between and similarity between the copies and on the recombination mechanisms. In the next section we briefly detail these for the two most generic modes of recombination involving repeats: homologous recombination and slipped-strand mispairing.
Recombination and repeats
In the central step of homologous recombination, RecA promotes strand exchange between homologous or homeologous sequences. It is out of the scope of this review to detail recombination mechanisms. The interested reader can consult some of the excellent available reviews (Kowalczykowski, 2000; Amundsen & Smith, 2003; Wilson et al., 2003; Lovett, 2004; Michel et al., 2004; Rocha et al., 2005) . RecA is usually regarded as the key element of homologous recombination and is only lacking in very small genomes of obligatory endomutualists, such as Buchnera, that have lost most repair mechanisms and that typically lack repeated elements (Frank et al., 2002; Gil et al., 2003) . Recently, it has been shown that two plasmids may recombine efficiently by a RecA-independent pathway when all cellular exonucleases are inactivated (Dutra et al., 2007) . It is, however, unclear as to how frequently such conditions are encountered in nature. Strand exchange by RecA occurs in two steps and its frequency crucially depends on the similarity between the sequences. In the initial step, the efficiency of recombination is very low in the presence of mismatches, especially near the 3 0 end of the incoming strand, and a stretch of strict identity called the minimum efficient processing segment (MEPS) is necessary for recombination to proceed at significant rates (Shen & Huang, 1986; Sagi et al., 2006) . The value of the MEPS seems remarkably similar among distant genomes with estimated values in the range 20-50 nt in Escherichia coli, Bacillus subtilis, Streptococcus pneumoniae and Agrobacterium tumefaciens (Costechareyre et al., 2009) . The number of MEPS shared by the two sequences determines the frequency of homologous recombination, suggesting that the strict homology required at the early stages of recombination is the rate-limiting step of the process (Vulic et al., 1997) . This leads to an exponential decay of the frequency of recombination with sequence divergence. The stringency of homologous recombination in sequence homology is provided by the action of RecA itself, but it is highly increased in the presence of mismatch repair, which will effectively forbid mismatches at the early stages of strand exchange (Rayssiguier et al., 1989) . Insertions and deletions between the sequences typically have very deleterious effects on the initial rates of the strand exchange process (Bucka & Stasiak, 2001) . After strand exchange, branch migration by RuvABC is much less stringent regarding mismatches. RuvABC resolvases are present in the vast majority of genomes (Rocha et al., 2005) , although RuvC can sometimes be replaced by phage analogues (Sharples et al., 1999) . The initiation of homologous recombination in E. coli may follow the RecBCD or the RecFOR pathway. Both pathways work to provide an ssDNA molecule coated with RecA to allow the invasion of a homologous molecule. Apart from recR, which has a key role in the RecFOR pathway, most other genes implicated in this step are absent in several genomes even among the ones known to engage extensively in homologous recombination (Rocha et al., 2005) . It is therefore difficult to predict the frequency of homologous recombination from the patterns of presence or absence of these genes.
Slipped-strand mispairing is thought to occur throughout the prokaryotic world by repeat mispairing upon replication. It is thought to be the most frequent illegitimate recombination mechanism in bacteria that does not depend upon recombinases. The frequency of illegitimate recombination through slipped-strand mispairing decreases exponentially with the distance between the copies of the repeat (Chédin et al., 1994; Lovett et al., 1994) and increases with the length of the repeated elements (Peeters et al., 1988; Pierce et al., 1991) . Experimental studies have been able to identify recombination events for 8-nt repeats at a distance of up to 987 bp (Albertini et al., 1982) , for 18-nt repeats at a distance of 2313 bp (Chédin et al., 1994) and for 24-nt repeats at a distance of 1741 bp (Singer & Westlye, 1988) . Interestingly, modeling the dependence on the frequency of slippage in function of repeat size and distance suggests that the process follows the same parameters both in E. coli and in B. subtilis (Oliveira et al., 2008) . Repeats separated by 4 2 kb recombine by slipped-strand mispairing at very low frequencies presumably because misalignment occurs at the replication fork (Lovett, 2004) . In general, slipped-strand mispairing is so vastly diminished by mismatches and insertions and deletions that the frequency of recombination depends mostly on the size of the core of strict contiguous identity independently of the length of the larger degenerate repeat(s) (Petes et al., 1997) .
In the following, our operational definition of DNA repeat depends on three factors: (1) the distance between the copies, (2) their similarity and (3) their length. All of these variables will be intimately related with the statistical and biological significance of the repeat, which in turn will depend on genome length, sequence composition and the recombination machinery. As a guideline, nondegenerate repeats 4 25 nt are statistically significant in most prokaryotic genomes (P o 0.01 in E. coli) (Rocha et al., 1999) , and they are expected to engage in homologous recombination (Shen & Huang, 1986) . Repeats 4 12 nt and o 2 kb apart are statistically significant (P o 0.01 in E. coli) (Rocha, 2003a) , and engage in slipped-strand mispairing. Tandem repeats are unstable at lower lengths and more than five or six tandem motifs are typically significant, depending on genome composition (Mrazek et al., 2007) . These values increase for degenerate repeats, but the exact thresholds depend on the penalties for mismatches and gaps. In general, DNA repeats with low sequence identity and lacking a core of strict identity will not recombine and we will therefore ignore them. This is the case of the vast majority of paralogous genes in genomes.
The origin of repeats
A repeat can be created in many ways (Fig. 1) . Generic repeats can arise by general recombination processes, but more specific families of repeats may originate from specialized recombination processes such as site-specific integration for prophages, transposition for insertion sequences (ISs) or poorly known mechanisms for elements such as retrons or clustered regularly interspaced short palindromic repeats (CRISPR). Once created, repeats engage in general recombination processes independently of their origin.
Generic repeats
Generic repeats may arise by horizontal gene transfer, homologous recombination between smaller or more degenerate repeats or illegitimate recombination between potentially very small and close repeats. Horizontal transfer results in the creation of repeats whenever the incoming DNA contains elements similar to information already present in the genome. Laterally transferred information may be integrated into the chromosome by site-specific recombination, for example by phage integrases, or by homologous recombination. In the latter case, if the incoming DNA contains homology with the chromosome at both extremities, then a double cross-over leads to genetic replacement . Eventually, if the transferred element is (made) circular, then one single region of similarity with the chromosome allows integration of the genetic element by homologous recombination in a Campbell-like manner (Duncan et al., 1978) . In this case, the repeats are created close together as they are spaced by the sequence of the incoming element. In B. subtilis, this seems to be a preponderant way of integrating genetic elements, because large repeats are often separated by c. 10 kb, which is the average size of uptake DNA segments in naturally transformable cells (Rocha et al., 1999) .
Homologous recombination between short or degenerate repeats may result in gene conversion and therefore effectively increase the region of similarity between the elements, thereby creating larger repeats (Santoyo & Romero, 2005) . Gene conversion also allows maintaining the sequence similarity between repetitive elements, such as in rRNA gene operons (Harvey & Hill, 1990) or in the repeated tuf gene in Salmonella enterica (Hughes, 2000) . Exactly how some genes manage to diverge and escape the homogenizing effect of gene conversion is not yet clear. For example, while tuf genes are duplicated in many enterobacteria, where they are very similar because they engage in gene conversion, in Yersinia these genes are much less similar. Recent analyses show that these genes have evolved independently for a long period time without gene conversion (Isabel et al., 2008) . The multiple rRNA gene copies show signs of gene conversion, demonstrating that the mechanism works in Yersinia. Thus, it may be that if sequence diverges after a given threshold, it may become free from the homogenizing effect of gene conversion because recombination frequency drops exponentially, as mentioned above.
Illegitimate recombination between small degenerate closely spaced repeats may lead to 'dislocation mutagenesis,' which results in the production of a strict repeat from a degenerate one (Schaaper, 1988) . In the latter case, given slipped-strand mispairing properties, repeats must be nearby in the genome but they may only be a few nucleotides long. Such repeats can be so small that they are easily found in genetic texts (Karlin & Cardon, 1994) . It has therefore been proposed that repeated elements may arise in genomes from rare slippage events between small but abundant repeats (Edlund & Normark, 1981) . These would create larger strict repeats that can further engage into illegitimate or even homologous recombination at high rates (Levinson & Gutman, 1987) . Hence, large repeats can be created practically ex nihilo by a succession of recombination steps in what has been named the amplicon model of repeat generation (Romero & Palacios, 1997) . First, illegitimate recombination leads to the creation of short close repeats. Second, these repeats are low-frequency amplicons that may amplify in tandem. Third, resulting amplifications are large and can expand and contract by homologous recombination.
Selfish elements
The proliferation of selfish elements in genomes is one of the main sources of repeats. Among these, transposable elements (TEs) are by far the best studied and the most abundant. They are usually classified into two major groups based on their structure and transposition mechanism: retrotransposons or class I elements, which transpose by an RNA intermediate, and DNA transposons or class II elements, which use a DNA intermediate. Three kinds of prokaryotic retrotransposons have been characterized: group II introns (Ferat & Michel, 1993; Simon et al., 2008) , retrons (Temin, 1989; Lampson et al., 2005) and diversitygenerating retroelements (Medhekar & Miller, 2007) . Group II introns are the only TEs distributed among all three domains of life. They are self-splicing introns that multiply via reverse transcription and they are capable of carrying out both self-splicing and retromobility reactions (Simon et al., 2008) . Retrons are genetic elements that produce multicopy single-stranded DNA covalently linked to RNA (msDNA) by a reverse transcriptase. The functions of msDNA are still unknown (Lampson et al., 2005) . Diversity-generating retroelements are a newly discovered family of genetic elements that confer selective advantages under certain conditions by introducing vast amounts of sequence diversity into target genes (Doulatov et al., 2004) .
Class II elements constitute the most frequent and repetitive TEs in prokaryotic genomes and ISs are their most abundant members. ISs are the simplest autonomous mobile genetic elements and range from 0.7 to 3.5 kbp. They carry one or two ORFs encoding the transposase, generally (but not always) flanked by short IRs (Mahillon & Chandler, 1998) . Based on their genetic organization and their host range, one can distinguish distinct families of IS, which are widely spread among the prokaryotic world (Siguier et al., 2006a, b; Touchon & Rocha, 2007) . Composite transposons are elements flanked by IS elements, whereas noncomposite transposons are flanked only by IRs. Transposons may carry unrelated genes such as antibiotic resistance genes, catabolic genes, virulence determinants and eventually also a resolvase, depending on their mechanism of transposition (for a review, see Mahillon & Chandler, 1998) .
TEs move from one genomic location to another by a process that is independent of DNA homology and that follows one of two pathways: conservative to form simple insertions (also called simple insertion, nonreplicative and cut-and-paste) and replicative to form cointegrates (also known as copy-and-paste). Transposition strategies vary according to the number and the nature of cuts that sever the TE from the flanking donor DNA: one-strand break or double-strand break and the possibility of accompanying TE replication. A double-strand break effectively removes all connections with the donor DNA and thus precludes the formation of a cointegrate. In contrast, a nick allows for the maintenance of connections to both donor and target replicons after integration, and, following replication, results in the formation of a cointegrate (for a general review, see Curcio & Derbyshire, 2003) . On integration into a new target site, TEs generate a repeated sequence of the target DNA in both modes of transposition. Many elements transpose exclusively by the replicative pathway, promoting the formation of a cointegrate that can be resolved either by a transposon-encoded resolvase or by the homologous recombination functions of the host. Among the replicative TEs, one finds the members of the Tn3 (Hefron, 1983) and the IS6 families (Brown et al., 1984) .
Simple integrations do not include any replication of the element and result in the insertion of the integral transposon within a target molecule. This cut-and-paste mechanism is used by many elements of the families of Tn7 (Bainton et al., 1991) , IS3 (Sekine et al., 1994) , IS10 (Bender & Kleckner, 1986; Bolland & Kleckner, 1996) and IS50 (Berg, 1983; Lichens-Park & Syvanen, 1988) . While it does not generate cointegrate transposition products, if transposition takes place at the moment of replication from a newly replicated region to a nonreplicated region, then transposition will effectively result in the duplication of the element in one of the newly formed chromosomes. The copy number of the element does not depend exclusively on the mode of transposition. TEs are generally tightly regulated and have evolved numerous shrewd strategies to exercise this control. These regulatory mechanisms act at various moments of the transposition process: transcription of the TPase gene; its translation; TPase stability and activity; and DNA binding and catalysis (for a review, see Nagy & Chandler, 2004) .
Numerous TEs have been shown to carry out both of these mechanisms. For instance, bacteriophage Mu combines properties of a temperate phage and a TE. As a TE, Mu is remarkable because its life cycle involves both transposition modes: nonreplicative, resulting in lysogeny, and replicative, leading to multiple copying of phage DNA during the lytic growth (Mizuuchi, 1992) . Several ISs have also been noted to generate cointegrates and simple insertions, with different ratios according to the element [e.g. IS1 (Turlan & Chandler, 1995) ; IS903/IS102 (Bernardi & Bernardi, 1991) ].
Temperate phages are another class of selfish elements that lead to the creation of repeats in genomes. While phages themselves carry few repeated elements, the presence of several phages of the same family in the chromosome effectively leads to large repeated elements. Closely related phages may not always integrate their DNA at precisely the same site in the chromosome. In E. coli, for example, phage l DNA normally integrates at only one site, phage P2 DNA can integrate into at least 10 sites (Barreiro & HaggardLjungquist, 1992 ) and phage Mu DNA integrates essentially randomly into host DNA (for a review, see Pato, 1989) . Some phages have immunity mechanisms preventing superinfection. Yet, many genomes contain multiple copies of recombining closely related prophages (Nakagawa et al., 2003) .
Creation of repeats by selfish systems may lead to highly repetitive genomes. In these cases, repeats are created by multiple insertions of genetic elements using site-specific integration by ways of a transposase, an integrase or a related protein. ISs, prophages and closely related elements are very diverse and widespread in the prokaryotic world. Only prokaryotes refractory to lateral transfer, such as Buchnera, systematically lack them.
Interspersed repeats
Specific families of repeated DNA elements have been isolated from a large variety of eukaryotic and prokaryotic organisms, but their origin and exact function(s) are rarely known (Table 1) . They are widespread in bacterial and archaeal chromosomes and plasmids. These repeats could play key roles in genomic organization, genetic evolution and genome plasticity. In prokaryotes, interspersed repeated sequences are typically intergenic, although some intragenic repeats are known (Ogata et al., 2000) , and often have the ability to form stable secondary structures in mRNAs (Cozzuto et al., 2008) .
The repetitive extragenic palindromic (REP) sequences, also called palindromic units, are one of the best-described classes of intergenic repeats (Higgins et al., 1982; Stern et al., 1984) . The bacterial interspersed mosaic elements (BIME) are a mosaic combination of REP (Gilson et al., 1991) . All of these repetitive elements share common features such as a short size (o 500 bp), palindromic structure, tandem organization and multiple locations in intergenic regions. In general, they do not exhibit extensive sequence similarity with known TEs, such as ISs or transposons. Many questions concerning these interspersed sequences remain unanswered. Ignoring even the very mechanisms of creation, spread and conservation in genomes, we can only offer speculations about the reasons for their exclusive location outside structural genes and their potential role in the organization of the chromosome. An interesting property of BIMEs/REP is their functional diversity. Because BIMEs are composite REP elements, it is difficult to disentangle which effects are associated specifically to each type of elements. They have been proposed to play a role in transcription termination (Gilson et al., 1986; Espeli et al., 2001) , mRNA stabilization (Higgins et al., 1988; Khemici & Carpousis, 2004) , control of translation (Stern et al., 1988) and genomic rearrangements (Shyamala et al., 1990) . They are binding sites for DNA polymerase I (Gilson et al., 1990) , for DNA gyrase (Yang & Ames, 1988; Espeli & Boccard, 1997) and for integration host factor (Boccard & Prentki, 1993; Oppenheim et al., 1993) , all of which play a key role in prokaryotic DNA physiology. These interactions suggest that BIMEs are involved in processes as important as DNA compaction, DNA supercoiling, gene expression and chromosome replication. It is, however, unclear whether these are side effects of BIMEs or whether they are the reason for their proliferation.
REP sequences have also been proposed to be 'selfish DNA' replicating and subsisting in genomes by gene conversion (Higgins et al., 1988) . Some evidence associates REP elements with genomic plasticity. REP sequences have been found at the recombination junctions of l bio-transducing phages (Kumagai & Ikeda, 1991) and amplification of some plasmids might be initiated by REP-REP recombination . In addition, some IS elements insert specifically within REP sequences (Clement et al., 1999; Tobes & Pareja, 2006) . The characterization of some REP elements as hot spots for recombination and transposition suggests they may have important roles in prokaryotic evolution. As noted above, BIMEs are composite REP elements; it is difficult to disentangle which effects are associated with one or the other types of elements.
Miniature transposable elements (MITE) are mobile elements typically measuring between 100 and 400 bp, carry long terminal IRs and are flanked by target site duplication of variable lengths (for a review, see Delihas, 2008) . MITE are generally thought to derive from IS by internal deletion of a part or all of the transposase but retention of both ends. They are considered to be nonautonomous TEs that can be mobilized in trans by the full-length transposase of the parent transposon, when it is present (Jiang et al., 2004) . How these mobile elements passively transpose within the chromosome is still unknown. Several MITE families have been characterized in archaea (Brugger et al., 2004) , and four families have been well-described in bacteria. The repeat unit of pneumococcus (RUP) is 107 bp in length, is spread in c. 100 copies in the genome of S. pneumoniae and could be mobilized by an IS-encoded transposase (Oggioni & Claverys, 1999) . Neisseria miniature insertion sequences (NEMIS; or Correia elements) are 108-158-bp-long repeats that make up 1-2% of the genome in pathogenic neisseriae (Correia et al., 1988) . In contrast to RUP elements, which are mostly interspersed with other repeated DNA sequences, NEMIS sequences are frequently located next to Neisseria genes and are transcribed into mRNAs. Hairpins formed by the pairing of NEMIS terminal IRs are targeted by RNAse III, which results in post-transcriptional gene expression regulation (De Gregorio et al., 2003a, b) . Enterobacterial repetitive intergenic consensus elements (ERIC) (Hulton et al., 1991) , also known as intergenic repeat units (Sharples & Lloyd, 1990) , are also a class of MITE. These elements range in size from 69 to 127 nt, are moderately abundant (20-30 copies) in the genomes of several enterobacteria (Hulton et al., 1991) and are present in hundreds of copies in the genomes of Yersinia (De Gregorio et al., 2005) . Similar to NEMIS sequences, they are frequently inserted immediately downstream from ORFs and are cotranscribed with upstream and downstream genes. Hairpins formed by ERIC Pato (1989) Lysogeny growth ! conservative transposition Lytic growth ! replicative transposition mRNA are targeted by RNAse E, and this interaction destabilizes the upstream transcript (De Gregorio et al., 2005) . The Yersinia palindromic element sequences share properties with both ERIC and NEMIS sequences and represent another example of MITE involved in posttranscriptional control (De Gregorio et al., 2006) . Other elements resembling MITE have been identified, for example Caulobacter CerM-associated intergenic repeat (Chen & Shapiro, 2003) , Enterococcus faecalis repeats (Venditti et al., 2007) and Rickettsia-specific palindromic elements (Ogata et al., 2000) . It has recently been proposed that REP elements are also MITE, but no equivalent full-length IS has been observed (Siguier et al., 2006a, b) .
CRISPR are another class of well-characterized noncoding repetitive sequences. They are hypervariable genetic loci widely distributed in bacteria and archaea (Jansen et al., 2002) . One or more CRIPSR loci are found in 40% of the bacterial genomes sequenced so far and in most archaea (Grissa et al., 2007a, b) . They are composed of direct repeats, repeated up to 250 times, ranging in size from 24 to 47 nt that are separated by similarly sized nonrepetitive spacers often adjacent to cas (CRISPR-associated) genes (Haft et al., 2005; Sorek et al., 2008) . While the direct repeats are similar within a single locus, they may be different between CRISPR loci of the same genome. In the large majority of cases, the direct repeats are highly conserved while the spacers are very diverse within a given locus, even among strains of the same species. Previously considered to be a simple family of noncoding repetitive elements (Ishino et al., 1987; Mojica et al., 2000) , recent studies have established that CRISPR provide acquired resistance against foreign DNA (Barrangou et al., 2007; Horvath et al., 2008) and allow microbial populations to survive phage predation (Kunin et al., 2007) . The spacers between repeats in CRISPR are highly similar to sequences of phages and allow, possibly by an RNA-interference-like mechanism (Brouns et al., 2008) , to avoid infection by phages containing these sequences. Based on the detection of CRISPR spacer transcripts, it was suggested that this system involves binding of excised spacers to target mRNAs, which are subsequently degraded by nucleases or that inhibit translation (Makarova et al., 2006) . However, recent data suggest that phage inactivation occurs by interaction of the CRISPR mRNA with the phage DNA (Marraffini & Sontheimer, 2008) . Some compelling evidence in support of these hypotheses is the demonstration that Streptococcus thermophilus responds to viral predation by integrating new spacers into its CRISPR loci derived from the infecting phage genome. Addition or removal of spacers by some unknown mechanism changes the phage-resistance phenotype of the cell, confirming spacer-specific resistance (Barrangou et al., 2007) . CRISPR loci play a critical role in the adaptation and persistence of a microbial host in a particular ecosystem where viruses are present. As a result, the phage sequences present in CRISPR provide a historical perspective of phage exposure and an insight into the coevolution of the phage and the host genomes.
Identification of repeats in genomes
As previously described, prokaryotic genomes contain two main classes of repeats: (1) generic repeats arising from standard recombination processes and (2) specific repeats arising from particular systems, such as TEs or CRISPR. If the sequence of the repeat is known a priori, both experimental approaches and simple sequence similarity searches allow its identification and analysis in a given genome. Specialized databanks contain information of many of frequent repeats (see Table 2 ). However, with the increasing availability of sequence data comes the need to detect repeats of which one does not necessarily know the sequence. If one wants to find all repeated elements in the genome, to pinpoint amplifications or recombination hotspots, then it is strictly necessary to use ab initio repeat discovery tools on the genomic sequence. Once repeats are uncovered, it is necessary to identify and classify them to Chang et al. (2007) associate their presence with some systematic functional or genetic neighborhood. In 1983, one of the first publicly available programs to find exact repeats in DNA sequences, QREPEATS, was made available to molecular biologists (Martinez, 1983) . Since then, increasingly efficient algorithms and heuristics have been developed for finding exact and degenerate repeats (see Table 3 ). Although progress has been made, the task of ab initio repeat family detection in genomes remains a challenging computational problem due to the diverse characteristics of repeats, the difficulties of efficiently allowing for substitutions and gaps in alignments and for the need of using a statistical framework. Fortunately, there exists a diverse variety of publicly available programs adapted to the various niches of ab initio repeat discovery: generic repeat detection, simple sequence repeat (SSR) detection Abraham et al. (2008) and specific repeat detection. While the focus of this review is on repeat detection at the genome level, if one is interested in finding the functional consequences of intragenic DNA repeats, it is also necessary to analyze their impact on protein sequence and structure. SWELFE (Abraham et al., 2008) is to our knowledge the only existing program able to detect and link repeats in genes, proteins and protein structures. Generic repeat detection tools, as the name implies, are those that do not have any predisposition for any single repeat class. One example is the REPUTER program, which was originally designed to search for all pairs of maximal exact repeats in genomes, but has since been modified to allow for substitutions and gaps through a banded dynamic programming seed extension algorithm (Kurtz et al., 2001) . Given a sequence, or a structure, most of these tools report all the similar internal repeats larger than some minimum size or score threshold. Unfortunately, many programs provide no statistical basis to evaluate the results. Providing such P-values is mathematically complicated (Karlin & Ost, 1985; Waterman & Vingron, 1994) , and some programs use statistical methods appropriated to different ways of searching for repeats. REPSEEK has different statistical procedures for nondegenerate and for degenerate repeats and also accounts for the nucleotide composition of genomes when searching for repeats (Achaz et al., 2007) . The latter factor is important because A1T (G1C)-rich repeats are more abundant in A1T (G1C)-rich genomes by purely stochastic reasons and that should be accounted for.
An important distinguishing characteristic of these programs is repeat family construction. Many programs only produce pairs of repeats and the majority of programs that detect multicopy repeat families while allowing for gaps [such as RECON (Bao & Eddy, 2002) ] merge pairwise repeats into families by requiring all pairs to meet or exceed some similarity threshold. These methods require an additional alignment step to build a consensus sequence or a multiple alignment of the repeat family. This process can be lengthy and result in poor accuracy due to inconsistent homology relationships among the pairs. A few existing programs [EULERALIGN (Zhang & Waterman, 2003) , REPEATOIRE (Treangen et al., 2009) , REPEATSCOUT (Price et al., 2005) ] construct directly the repeat families via local multiple alignment. Because of the inherent time complexity of local multiple alignment, heuristic approaches are required, but these programs have shown good accuracy and efficiency in a wide variety of settings. Many of the generic repeat detection programs form the basis for more specific repeat detection programs. Because of their design, generic programs are best fit for discovery of unknown repeats or detecting the full repertoire of repetitive elements in a given genome.
When searching for a specific type of known repeat in new genomes, specific repeat detection tools should take precedence over generic ones. The PILER (Edgar & Myers, 2005) suite of repeat detection programs offers detection of four specific classes of repeats: dispersed repeats (PILER-DF), tandem repeats (PILER-TA), pseudo-satellites (PILER-PS) and terminal repeats (PILER-TR). PILER-CR (Edgar, 2007) , CRISPR Recognition Tool (CRT) (Bland et al., 2007) , and the CRISPR-FINDER (Grissa et al., 2007a, b) website were all designed to identify CRISPR elements in genomes. ISCAN is a specific repeat detection (SpR) program for the identification of ISs, but it is not really an ab initio repeat discovery tool because it requires the use of a pre-existing IS database and is thus unable to find nonhomologous IS elements (Wagner et al., 2007) . REAS was designed to search for TEs from unassembled sequence reads (Li et al., 2005) . Of note, while REAS was originally designed as a specific repeat detection program, a recent survey on ab initio repeat detection programs found REAS to be the most effective tool for analyzing repeats in unassembled sequence reads (Saha et al., 2008) .
SSRs are tandem repeats of small motifs. The available programs for SSR detection can be classified by their allowance for substitutions and/or indels. For example, MREPS finds repeats of size larger than k19 independently of genome size, where k is the size of the oligonucleotide motifs, for example 12 bp for trinucleotide motifs (Kolpakov et al., 2003) . TANDEM REPEAT FINDER (TRF) (Benson, 1999) is arguably the most commonly used program for SSR detection, but recent comparisons of SSR programs concluded that SPUTNIK was the most sensitive method for SSR detection of perfect and imperfect microsatellites (Leclercq et al., 2007; Merkel & Gemmell, 2008) . In prokaryotes, active SSR typically lack mismatches, which makes the problem easier. However, SSRs also tend to be of smaller size than in eukaryotes, which demands for accurate statistical criteria for the minimal size of SSR given a genome size and composition. Most SSR-finding programs lack such statistical analyses. Mrazek et al. (2007) have proposed a series of statistical models implemented in software that also searches for SSR.
In summary, there exist a large variety of publicly available programs adapted to the various niches of ab initio repeat discovery: generic repeat detection, SSR detection and specific repeat detection. We have presented and discussed a representative collection of commonly used tools for each of these tasks. Unfortunately, few studies are available to compare the accuracy of the different programs. Further progress will inevitably be required to better capture diverse characteristics of repeats and to allow for a statistical framework to improve the sensitivity and accuracy of repeat detection tools, especially when considering highly divergent sequences. In the next section we will apply an ab initio repeat detection tool to take an in-depth look at the repeat landscape in nearly 700 bacterial and archaeal genomes.
The abundance of repeats in genomes
Several works have previously described the amount of repeats found in genomes (Rocha et al., 1999; Bayliss et al., 2001; Metzgar et al., 2001; Achaz et al., 2002 Achaz et al., , 2003 Frank et al., 2002; Hancock, 2002; Aras et al., 2003; Rocha, 2003a, b; Mrazek et al., 2007) . Given the exponential growth of the databanks, this is an exercise permanently lagging behind the data. While a large analysis of SSR in genomes has recently been published (Mrazek et al., 2007) , there is no equivalent recent survey for large repeats. We therefore illustrate the literature on the subject with a genome-wide survey for repetitive DNA. We first used general measures of genome repetitiveness in terms of long repeats and SSR. We then extended the analysis to the identification of long repeats in 659 prokaryotic genomes, for a total of 720 chromosomes. For these illustrative purposes, we searched for all large (4 300 nt, extended from 25 nt seed matches of strict identity), interspersed, non-overlapping repeats using REPEATOIRE, an ab initio tool for detecting degenerate repeats in DNA sequences. In total, we found 144 118 repeats classified into 56 196 repeat families (c. 220 repeats and 85 repeat families per genome) (Fig. 2) . If one searches for smaller repeats a priori still capable of engaging into homologous recombination in E. coli (with 4 25 nt of a core of contiguous strict identity), we find 324 096 repeats contained in 111 268 repeat families. The majority of the 4 300 nt repeats are part of multicopy repeat families (60%), and the multiplicity of the repeat families ranged from 2 to 230 but contained on average approximately three repeat copies per repeat family. The mean length of repeats 4 300 nt is 1135 nt (640 nt including repeats 4 25 nt). While nearly all of the repeats (95%) are o 3000 nt, the few repeats 4 3000 nt account for c. 23% of the total length of all repeats.
Several measures of genome repetitiveness have been proposed previously. These include the index of repetitiveness (I r ) (Haubold & Wiehe, 2006) , which measures the extent to which subsequences of the genome are repeated elsewhere, and the relative simplicity factor (RSF) (Hancock, 2002) , which measures the degree of accumulation of SSR. Both measures vary widely in genomes (Fig. 3 ), but they are only very weakly correlated (r = 0.015, P = 0.02). Hence, genomes with many long repeats do not necessarily have many SSR, and vice versa. This is hardly surprising, as the former will recombine mostly by homologous recombination and the latter by slipped-strand mispairing. They must therefore be considered seperately. The variable I r is biased toward large-scale duplications. For example, the most repetitive genome found using I r is Methylobacillus flagellatus KT (I r = 6.51) because it contains the largest repeat found in our analysis, a 143-kb two-copy repeat. The two copies of the repeat are identical, suggesting a very recent duplication event. This large segmental duplication accounts for 95% of the overall repeat density of the genome and spans 288 genes (Chistoserdova et al., 2007) . This shows the limits of simple indexes of repetitiveness. To understand why some genomes contain large number of repeats whereas others lack them almost entirely, one has to precisely identify and class repeats in families.
For our analysis, we computed genome repetitiveness as the total length of non-overlapping repeats divided by the genome size (Achaz et al., 2002) , also referred as repeat coverage. We found a very weak positive correlation between repeat coverage and genome size (Spearman's r = 0.31, P = 0.03, R 2 = 0.03) (Fig. 4) . However, we did find a strong correlation between the number of repeat families in a genome and its size (Spearman's r = 0.81, P o 2.2e-16; R 2 = 0.65), suggesting that although a larger genome implies more repeat families and repeats, it does not necessarily imply increased relative repeat coverage. The mean coverage among prokaryotes is 6.9% (q.d. 2.2%). Orientia tsutsugamushi stands out as the most repetitive genome, containing 42.2% of its 2.0-Mb chromosome covered by repeats. This astonishing repeat density in O. tsutsugamushi results from over 1000 copies of 770-bp (mean length) repeats found in the genome. These include 359 tra genes for conjugative type IV secretion systems, over 400 transposases, 60 phage integrases and 70 reverse transcriptases (Cho et al., 2007) . Also worth noting is that the eight most repetitive genomes are small sized and of obligatory symbionts (Table 4) , including four species of Phytoplasma.
Microcystis aeruginosa NIES-843 (Frangeul et al., 2008) and Trichodesmium erythraeum IMS101 also contain 4 10 times more repeats than the average genome (4 1000 repeats each). These two cyanobacteria contain large numbers of TEs. Bordetella pertussis genome, a strict human pathogen that has endured an expansion of TEs in its 4-Mb genome (Parkhill et al., 2003) , contains the repeat family with the highest copy number with 230 copies of a 407-bp repeat. Five genomes -E. coli 0157 : H7, E. coli K-12 DH10B, Mycobacterium flagellatus, Mycobacterium smegmatis MC2 155 and Streptomyces griseus griseus NBRC 13350 -contain repeats spanning 4 50 kb. We also investigated which genomes were devoid of large repeats or were severely lacking them (Table 5 ). The four genomes found to be completely devoid of repeats were all obligate endosymbiotic bacteria and nine of the 10 genomes with lower repeat coverage were endosymbionts. Prochlorococcus marinus MIT 9312 was the lone exception.
When using RSF to gauge genome repetitiveness based on SSR, Candidatus Phytoplasma australiense is the most repetitive (RSF = 1.0602) and Nocardioides sp. JS614 is the least repetitive (RSF = 0.9978). Phytoplasma australiense is also one of the most repetitive genomes with a coverage by large repeats of 40.2%. This genome houses potential mobile Fig. 3 . Lack of significant association between I r (Haubold & Wiehe, 2006) and RSF (Hancock, 2002) . We compared two indices of repetitiveness based on large repeats (I r ) and SSRs. The association between the two is significant but very weak (Pearson's coefficient = 0.015, P = 0.02). The solid line represents a spline interpolation showing that the weak correlation is consistent throughout the plot. The dashed regression line shows that the association of the two indices is slightly positive (R 2 = 0.006). In prokaryotes, individual SSR are small, compared with eukaryotic microsatellites, and rarely occupy 4 100 nt. Most studies on SSR focused on the identification of SSR of small motifs (1-4 nt), which are more abundant in small genomes. In the current databases, these often correspond to host-adapted bacteria. SSR of larger motifs (5-11) are more frequent in larger genomes, typically free-living prokaryotes (Mrazek et al., 2007) . There is no significant correlation between the numbers of the two types of SSR among genomes, suggesting that they occur independently. While SSR of shorter motifs have been found to be less stable, it is unclear whether this difference between genomes corresponds to different evolutionary strategies, recombination mechanisms or both (or none). The most recent global assessment shows that some clades are prone to having more and larger SSR (Mrazek et al., 2007) . Among the very small genomes (o 1 Mb), the phytoplasmas and the mycoplasmas show large numbers of SSR and large repeats. Inversely, obligatory endosymbionts lack SSR as well as large repeats. Firmicutes, excluding Mollicutes, also show few SSR. Most of the genomes with many SSR of large motifs belong to the Proteobacteria or to the Cyanobacteria (Mrazek et al., 2007) . Among the former, the number of SSR in genomes can vary by orders of magnitude, with maxima among Burkholderia mallei and Burkholderia pseudomallei (Holden et al., 2004; Nierman et al., 2004) . In general, SSR of motifs that are not multiples of three nucleotides are under-represented inside coding sequences most likely because recombination leads to frameshifts and thus gene inactivation (Field & Wills, 1998; Ackermann & Chao, 2006) . Some genomes have SSR elements of particularly large motifs. Ehrlichia ruminantium has one of the lowest coding densities among prokaryotic genomes partly because of a highly active process of contraction and expansion of 150 nt tandem motifs in intergenic regions (Frutos et al., 2006) . In some genomes, one finds lipoproteins that are composed almost exclusively of large tandems of amino acid motifs (Bhugra & Dybvig, 1992) .
Structured repeats, i.e. repeats that can form stable RNA structures when transcribed, are most frequently intergenic. Larger generic repeats can be as large as to implicate several genes. In our survey, 43% of the repeats contained one or more genes, 39% of the repeats were located inside a coding sequence and 9% partially overlapped one coding sequence and an intergenic sequence. The remaining 9% of the repeats were intergenic. There is an abundant literature on genes often found in multiple copies in genomes such as IS elements (Touchon & Rocha, 2007) , phages (Brussow et al., 2004) and rRNA gene operons (Acinas et al., 2004) . Indeed IS, phage and rRNA gene represent 46% of the repetitive data in the 659 genomes (see Fig. 5 for the relative contribution of each category). ISs are the single most abundant category including half of all the classified repeats.
The distance between two copies of a repeat, the spacer, can provide further insight into the causes and the consequences of repetitive DNA. For example, an average spacer distance close to 0 is indicative of segmental duplications and/or gene amplification, while larger spacer distances may indicate an abundance of interspersed repeat elements (e.g. IS). For circular chromosomes, the largest spacer distance between two repeats is L/2 ( 50% of the chromosome length), where L is the chromosome length. For linear chromosomes, the maximum distance is L. For circular chromosomes, we found that the average spacer distance between two adjacent repeats in a repeat family is 13.8% of the chromosome length. In linear chromosomes, on average, repeats were separated by 21% of the chromosome length. When the repeat size increases for repeats in circular chromosomes, the spacer distance rapidly decreases to 0 (data not shown). This strongly suggests that large amplifications, which are unstable and therefore recent, are created in tandem and may be separated by rearrangements while they diverge (Achaz et al., 2000 (Achaz et al., , 2002 . The opposite effect is observed in linear chromosomes; spacer size increases with the repeat size because the edges of such chromosomes are often unstable and prone to recombination involving the two chromosome arms (Volff & Altenbuchner, 1998) . It has been suggested that small genomes use a more intense intragenomic recombination between close repeat sequences to modulate gene content (Aras et al., 2003) . Yet, this is not found either among close repeats capable of engaging in illegitimate recombination (Rocha, 2003a) or among our current assessments of long repeats. Indeed, larger genomes (4 6 Mb) have more repeats than smaller ones (o 2 Mb), but also a larger fraction of large repeats with spacers o 2 kb (13.6% and 9.8% for repeats 4 300 nt at o 2 kb, and 11.1% and 6.8% for repeats 4 25 nt at o 2 kb). In summary, the global repeat content in nearly 700 prokaryote genomes is rich and varied. There are various measures for classifying a given genome's repetitiveness (index of repetitiveness, RSF and repeat coverage) but inherently each provides a different perspective of the repeat landscape. When defining repetitiveness as repeat coverage and focusing on large repeats (4 300 nt), we found prokaryote genome repetitiveness to range from 0% (no repeats) to over 42% (nearly half of the genome covered by repeats). On taking a closer look at both ends of the repetitiveness spectrum in these genomes, we found that obligate endomutualistic bacteria (such as Buchnera spp.) are typically the genomes with the fewest repeats, while obligate endoparasitic bacteria (such as Phytoplasma spp.) were found to contain the highest density of repeats. Both have undergone reductive genome evolution (Shigenobu et al., 2000; Gil et al., 2003; Oshima et al., 2004) . However, pathogens typically require repeated elements to generate genetic variability and their horizontal transmission implicates susceptibility to phages and plasmids. Vertically inherited endomutualists such as Buchnera have little need to generate genetic variability and are protected from parasites. Additional investigation will be required to exhaustively class repeats into families to further elucidate why some genomes contain a large number of repeats and why others are almost entirely devoid of repeats.
The entire repertoire of the repeats found in the 659 prokaryote genomes used in this study can be found at http://wwwabi.snv.jussieu.fr/public/Repeatoire.
The functional consequences of repeats Gene genesis by duplication and divergence
Intragenomic gene duplications are commonly seen as the bread and butter of gene creation. The genesis of a functional sequence ex nihilo seems an unlikely event, although it must have occurred at some time point in early evolution, and therefore most evolutionary novelty is thought to arise from the duplication and divergence of pre-existing elements (Ohno, 1970; Taylor & Raes, 2004) . Gene duplication creates redundancy, thus freeing the copies from some functional constraints. If the copies are effectively redundant, then one of them is likely to be lost by lack of selection against inactivating mutations. However, in rare cases, the accumulation of mutations may lead either to neofunctionalization, one of the copies acquires a new function, or subfunctionalization, the two copies specialize in subfunctions of the primitive gene (Fig. 6) (Lynch & Katju, 2004) . Both processes are expected to rely heavily on the accumulation of point mutations. This is a slow process that rarely allows enough time for adaptive evolution before the gene is inactivated in some way. On the other hand, if there is strong selection for both copies at the time of amplification, then the amplification will be stable and mutational processes could have much more time to diversify the function of the genes (Francino, 2005; Bergthorsson et al., 2007) . For example, if a gene confers a secondary function with weak efficiency and if the need for that function increases, then amplification of the gene results in an excess of genes for the primary function, but on just about what is needed to perform the secondary function. In this case, there is selection for the amplification because the secondary function is adaptive and required in amounts larger than can be provided by a single copy of the original gene. The amplified gene accumulates mutations in the different copies. Mutations in Repeat coverage is the fraction of the summed lengths of all repeats in a given category. We were able to class c. 50% of the 144 118 repeats into the four categories by mining the annotations for rRNA gene and IS, followed by a BLASTX query of the repeats against ISFINDER (Siguier et al., 2006a, b) and BLASTN queries against the predicted phage regions by PHAGE_FINDER (Fouts, 2006) . one of the copies of the gene allowing an increase in efficiency of the secondary function become highly adaptive. Once such a mutation is acquired, either all other copies of the gene will be deleted, if the adaptive change has not affected the primary function, or one other copy will remain, if adaptation in this gene led to lower efficiency of the primary function. In this model, initial selection for amplification of secondary functions may lead to gene duplication by subfunctionalization (Francino, 2005) . This might be a frequent event because recent work has shown that 20% of auxotrophs could be rescued by overexpression of noncognate genes (Patrick et al., 2007) .
While transient amplifications are frequent in both prokaryotes and eukaryotes (see Transient amplifications and amplicons), it is unclear whether gene duplication has a lasting contribution to the creation of novel functions. First, gene duplication in prokaryotes competes with horizontal transfer for the creation of novel functions. The latter is a very quick avenue for acquiring functions that have already endured selection in other contexts and there is now ample evidence that it brings new genes into most genomes at very high rates (Hao & Golding, 2006) . Second, there is evidence for a deletion over amplification bias in prokaryotic genomes (see The fate of repeats) (Lawrence et al., 2001; Mira et al., 2001) . Once repeats are created by recombination, typically in tandem, they are then deleted at high rates (Fig. 7) . Third, gene conversion will frequently homogenize the two copies of the gene, thereby reducing sequence divergence and slowing subfunctionalization and neofunctionalization (Santoyo & Romero, 2005) . Fourth, the architecture of prokaryotic genomes is more conserved than that of eukaryotes, i.e. large rearrangements tend to be highly deleterious (Rocha, 2008) . Repeats can be stabilized if, after creation in tandem, they are physically separated by chromosome rearrangements (Achaz et al., 2000) . The higher stability of prokaryotic genomes implicates that the probability of repeat stabilization by a rearrangement physically separating the two copies is lower than in eukaryotes.
Finally, tandem amplifications of single genes in prokaryotes are complicated by the high coding density of the genomes and by the widespread existence of operons, which place a set of genes under the action of the same regulatory sequences. In short, there is ample evidence for gene amplifications in genomes, demonstrated by the abundance of repeated elements and some large families of paralogues (Snel et al., 2002; Gevers et al., 2004; Alm et al., 2006; Cho et al., 2007) , especially among the largest and most complex genomes (Goldman et al., 2006; McLeod et al., 2006) . However, it is unclear whether gene amplifications last long enough to be responsible for the creation of these large gene families.
Few studies have attempted to discern the relative roles of horizontal gene transfer and intrachromosomal gene duplication in creating gene families. Snel et al. (2002) analyzed gene repertoires of 21 prokaryotes and inferred the origin of groups of homologues (including paralogues) with respect to the phylogeny. They estimated that at most 20% of paralogues arose by horizontal transfer and 65% by gene duplication. A subsequent broader study estimated that gene duplication contributed to the creation of paralogues at least twice as frequently as horizontal transfer (Kunin & Ouzounis, 2003 ). An analysis of 87 866 paralogues in 106 prokaryotic genomes also suggested that most of the paralogues were created by intrachromosomal gene duplication (Gevers et al., 2004) . It should be noted that most comparisons in these studies concerned distant genomes and that two genes were regarded as paralogues if they shared some low, but significant, sequence similarity. In fact, the majority of these paralogues are not repeats in the sense that they have diverged excessively to engage recombination processes. The long distance between the genomes makes single-gene phylogenetic reconstruction hazardous. When the genes of the core genome were used to define a phylogeny among the 13 Gammaproteobacteria species, they provided a reference phylogeny against which to compare whether new paralogues arose by duplication or by horizontal transfer (Lerat et al., 2005) . These results contradicted the previous ones, suggesting that gene amplification rarely leads to stable paralogy. Further investigations are required to disentangle this controversy, but the importance of gene duplication in the creation of new genes cannot yet be taken for granted in prokaryotes.
Intragenic repeats and the evolution of protein function
As we have shown, many repeats can be found in genes and a significant number of them correspond to intragenic amplifications of genetic material. The nucleotide sequence of genes contains the information necessary to synthesize the amino acid sequences of proteins, which determines the protein folding. Several different codons are translated to the same amino acid and many different amino acid sequences code for similar protein structures. As a result protein structures evolve slower than protein sequences, and DNA sequences evolve faster than proteins. The direct influence of DNA sequences on protein sequences and of these on protein structures establish a causality link between intragenic DNA repeats and their functional consequences (Fig. 8) . Therefore, intragenic amplification will have consequences at the three levels and will often have deleterious consequences. The creation of the repeat can lead to a change in the reading frame, in which case the amino acid sequence will change; the structure of the protein will be modified and the resulting protein will not be functional.
In fact, intragenic repeats are rarely observed in different coding frames. If the reading frame is conserved, the repeat can still modify or suppress the protein function, for example by leading to misfolding.
In spite of these constraints, 4 14% of proteins contained repeats in an analysis of the 1998 Swissprot database (Marcotte et al., 1998) . Repeats are present both in prokaryotic and eukaryotic proteins, but in eukaryotic proteins are three times more likely to contain repeats, with archaeal proteins having more repeats than bacterial ones (Marcotte et al., 1998; Lavorgna et al., 2001 ). This could result from the larger size of eukaryotic proteins, because the longer proteins have more repeats. Yet, even among eukaryotes, multicellular organisms have more repeats in their proteins than unicellular organisms (Lavorgna et al., 2001) . The comparison of sequences between eukaryotic and prokaryotic proteins shows a small overlap (4%), and most of the conserved fragments code for ATP-binding cassettes (Marcotte et al., 1998) . This suggests that either the majority of repeats emerged after the divergence between prokaryotes and eukaryotes or they have diverged beyond recognition. As expected, there is a positive correlation between the number of repeats in genomes and in proteomes. Some bacteria such as Aquifex aeolicus or Thermotoga maritima show evidence of massive gene exchange from archaea and this could explain why their proteins have more repeats than the ones of other bacteria (Lavorgna et al., 2001) .
Most studies have analyzed intragenic repeats from the point of view of protein domains. Protein domains can be Fig. 8 . A protein containing a repeat in the DNA sequence, the amino acid sequence and the protein structure (PDB: 1 ykd, chain A, RefSeq: NP_485944, GAF domain of an adenylyl cyclase from the cyanobacteria Anabaena sp.). The structural repeat is shown in red, the amino acid repeat is in black and underlined and the nucleotide repeat is shown in blue and underlined. The amino acid repeat found is longer than the three-dimensional (3D) repeat, and the 3D repeat is longer than the nucleotide repeat.
defined in several ways and are usually relatively large (4 100 amino acids). A structural domain is defined as an independently folding unit, and an evolutionary domain as an independently evolving unit. These two definitions often result in the same domain families (Elofsson & Sonnhammer, 1999) . Depending on the estimates, between 40% and 70% of prokaryotic proteins are composed of several domains (Liu & Rost, 2004; Ekman et al., 2005) , and domain duplication is one of the main sources of new domains (Vogel et al., 2004) . More protein-coding genes in a given genome result in a higher frequency of duplicated domains (Bornberg-Bauer et al., 2005) : according to some estimations, 4 58% of Mycoplasma genitalium domains (Teichmann et al., 1998) , c. 68% in Helicobacter pylori and c. 85% in E. coli are duplicated (Muller et al., 2002) . However, the duplicated domains are rarely in the same protein. In prokaryotes, the proteins with more repeated domains are from the thiolase-like superfamily (found in proteins of degradation pathways such as fatty acid b-oxidation) and has only two repeats on average (Muller et al., 2002) .
Some proteins contain multiple repeated elements in tandem (from 20 to 50 amino acids depending on the type of the repeat) (Andrade et al., 2001) . Families of repeats present among prokaryotes include tetratrico-peptide repeats (Das et al., 1998) , ankyrin repeats (Sedgwick & Smerdon, 1999 ) and leucine-rich repeats (Kobe & Deisenhofer, 1995) . Some families are specific to prokaryotes, for example the ones of the bacterial glycosyl transferase (Wren, 1991) and of the ice nucleation protein (Gurian-Sherman & Lindow, 1993) . These repetitive proteins are frequently found in regular arrangements such as a linear array or a superhelix, with repeats around a common axis, and are theoretically not limited in the number of repeated elements. The number of repeats tends to vary between homologous sequences. For example, homologous proteins from two strains of Wolbachia pipientis contain a variation in the number of ankyrin repeats (Iturbe-Ormaetxe et al., 2005) . This suggests that these proteins evolve rapidly by gain or loss of a repeated element. Very repetitive proteins are not necessarily disabled by a supplementary repeat. In fact, increasing the number of repeat of the ankyrin domain leads to an increase in the stability of the protein (Tripp & Barrick, 2004) . Proteins with multiple repeated elements can have a large surface area available for ligand binding, and are often involved in protein-protein or protein-DNA interactions (Andrade et al., 2001) .
Tandem repeats can lead to misfolding and are typically avoided by proteins. Only 5% of sequences in archaea and 4% in bacteria contain domain tandem repeats, and slightly over 10% of domain families are found repeated in tandem (Apic et al., 2001) . This is somewhat surprising because tandem amplifications are mechanistically the most frequent and given the above-mentioned highly repetitive proteins. When repeats are found in tandem, some residues named 'structural gatekeepers' may prevent the proteins from misfolding. These residues are conserved, and include charged residues, proline, glycine or disulfide bonds (Steward et al., 2002; Parrini et al., 2005; Han et al., 2007) . In Eukaryotes, domain aggregation is important for sequences with 4 70% of sequence identity, but not detectable for sequences with o 40% identity (Wright et al., 2005) . Sequence identity between adjacent domain pairs is significantly lower than sequence identity between nonadjacent domains in the same protein. Adjacent domains could thus be under evolutionary pressure to evolve faster. Avoidance of aggregation could also explain why duplication of combinations of domains is more frequent than duplication of a single domain (Bjorklund et al., 2006) .
While most intragenic amplification events are expected to be deleterious, there are many protein sequences and structures with repeats. This shows that protein structures can sometimes adjust to the repeat and thereby allow proteins to acquire advantageous traits from internal amplifications. Some proteins are extremely repetitive. These families of proteins can withstand a large number of tandem repeats. While these provide striking examples of adaptive internal amplifications, they are relatively rare among crystallized proteins in prokaryotic genomes. Yet, most published studies have analyzed protein repeats from the point of view of protein domains. Additional studies using ab initio repeat-searching approaches are necessary to complement such analyses. More importantly, further structural studies are necessary in relation to protein sequence analyses to understand the evolution and function of intragenic repeats.
The evolutionary impact of repeats Repeats, recombination and adaptation
One often considers living organisms as well adapted to their environments. However, environments change and thereby challenge the organisms' fitness. Schematically, environmental challenges can be classified according to the frequency with which they arise and according to the possibility of building appropriate physiological responses to tackle them. The evolutionary patterns associated with adaptation to these challenges will dramatically depend on these two variables. Stresses that can be tackled by a physiological response based on the regulated expression of a set of proteins, such as protection from oxygen radicals by superoxide dismutase, can evolve if they occur frequently enough and if they can be discriminated by the cell to develop an appropriate regulatory response. In many cases, stresses are too complex, too elusive or too quickly lethal to be handled by a well-regulated stress response. In this case, selection will purge the elements in the population that are unable to find a qualified solution to the standing challenge.
Point mutations lead to a slow generation of genetic novelty. This difficulty can be removed by increasing the mutation rates in times of stress (Bjedov et al., 2003) . While mutator subpopulations are frequently encountered in bacterial populations, this leads to a substantial burden of deleterious mutations (Sniegowski et al., 2000) . Hence, when stresses are frequent and can be tackled by the generation of variability at a reduced number of loci, there is often selection for the maintenance of repeats engaging in recombination at those loci. In this case, repeats are under second-order selection because they generate at high rates the adaptive changes with which they hitchhike to fixation (Tenaillon et al., 2001 ). This does not suppose any sort of directionality; repeats will recombine randomly, resulting in sequence reassortment or gene conversion. When such events have a high probability of leading to adaptive changes, then the associated repeats will propagate in the population. On the other hand, repeats generating deleterious changes with a high frequency will in general be purged by the action of natural selection.
Programmed hotspots of variation by recombination are often found to be associated with functions managing antagonistic social interactions. When arms races develop between the two partners, for example a pathogenic bacterium and a human host, both partners are continuously changing to keep the other in check (Van Valen, 1973) . These functions are often under negative frequency-dependent selection, i.e. a given variant is highly adaptive only when rare. This is the case when a variation arises in antigens. The fittest elements in the population are typically the new rare alleles that have not yet been discriminated by the immune system. As a result of their high fitness, these rare variants become more frequent in the population. However, this leads to a decrease in their fitness relative to new rare variants. Hence, such functions are constantly varying. Host-associated prokaryotes are constantly being faced with the host modulation of their behavior, but in general prokaryotes are also faced with parasites, such as phages, and predators, such as protozoa (Brussow, 2007) . Most of the interactions of prokaryotic cells with other organisms involve molecules exposed at the cell surface or secreted into the environment. The corresponding genes are thus frequently under selection for diversification.
Many forms of diversifying selection share the peculiarity that they hardly select for higher efficiency, but instead for sequences that are different while performing an equivalent function. In this case, adaptation does not need to proceed by the invention of novel features and may result simply from reassortment of resident genetic information. This can be achieved by homologous recombination between a master gene and repeats scattered in the chromosome. It can also be achieved by varying the expression of part of a pool of functionally redundant genes by transient gene deletions or by transient silencing of gene expression.
Repeats as evolutionary reservoirs
Homologous recombination between one (or a few) master gene and copies of it, or parts of it, dispersed in the genome allows sequence variation without loss of function. Such repeats may arise naturally from tandem amplifications or horizontal transfer from closely related bacteria. As the system evolves, the repeats leading to recombination events with better results, in that they result in a large fraction of diverse but functional variants, will be selected for. This creates evolutionary reservoirs in the form of repeats scattered in the chromosome (Palmer & Brayton, 2007) . With a dozen large degenerate repeats, such a system can provide for a huge amount of different combinations of protein sequences providing an endless source of genetic variation.
A particularly remarkable example of generation of genetic variation by homologous recombination is antigenic variation in Borrelia. These genomes have a large number of plasmids containing the vast majority of repeated elements of the genome (Casjens, 1999) . Both in Borrelia burgdorferi, the agent of Lyme disease, and in Borrelia hermsii, the agent of relapsing fever, antigenic variation is under strong selection and proceeds by recombination processes within the repeats present in the plasmids (Norris, 2006) . In B. hermsii, antigenic variation occurs mainly by gene conversion involving recombination at upstream and downstream homology sequences that result in replacement of the master genes vlp or vsp. There are over 60 such silent gene segments grouped into several clusters in the plasmids (Dai et al., 2006) . In the closely related B. burgdorferi, antigenic variation results from replacement of internal segments of varied lengths of the master gene by gene conversion resulting from its recombination with the repeated elements (Zhang et al., 1997) . In both cases, replacements occur at high frequencies during infection, thereby allowing continuous escape from the immune system (McDowell et al., 2002) .
While many cases have been found where repeats provide evolutionary reservoirs for antigenic variation, it must still be stressed that the immune system is just one of the many reasons why frequency-dependent selection occurs in pathogenic prokaryotes. For example, in the closely related Mycoplasma pneumoniae and M. genitalium genomes, many parts of the gene coding for the major adhesin, P1 in the former and MgPa in the latter, are repeated (Peterson et al., 1995; Himmelreich et al., 1996) . Recombination between these repeats leads to the generation of new variants of the adhesins (Kenri et al., 1999; Iverson-Cabral et al., 2006 . Although initial reports suggested that this variation was linked to antigen variation, the analysis of genome data in the light of experimental analysis of patients' antibodies and the low rate of sequence variation suggests that the variations proceeds for other reasons, for example to vary niche tropism (Rocha & Blanchard, 2002) . Similarly, there is evidence that variation of genes involved in S. enterica O-antigens, polysaccharides decorating the cell surface, does not result from selection to escape the host immune system, but to escape protozoa grazing in the gut (Wildschutte et al., 2004) . As a case in point, the most abundant commensal in the human gut, Bacteroides thetaiotaomicron, has a very large number of repeat elements engaging in frequent recombination even though there are no described cases of pathogenicity for this species (Xu et al., 2003) . The most expanded classes of paralogues in its genome involve environmental sensing and polysaccharide uptake and biosynthesis, showing how recombination processes implicate other traits besides avoidance of the host immune system. Interestingly, even in the aforementioned B. hermsii, where antigenic variation seems to occur at high rates, there is evidence that expression of different vsp genes correlates with different niche tropism, because some variants are found more frequently in specific tissues (Cadavid et al., 2001) .
To assess the evolutionary role of repeats engaging in frequent gene conversion events, it is therefore important to account for the different ecological variables affecting fitness, which are rarely limited to antigen variation. It is also important to quantify the frequency of recombination. This will depend on the recombination machinery, but also on other factors. For example, in E. coli, the frequency of recombination is much higher for repeats within the same macrodomain because of chromosome folding (Valens et al., 2004) . Hence, the distribution of repeats could also have a direct impact on the rate of sequence variation by recombination processes.
Transient gene inactivation
Gene deletions may be highly adaptive in contexts of host-pathogen associations or for the adoption of new ecological niches (Sokurenko et al., 1999) , even though they are expected to lower the cell fitness in the original habitat. Gene deletions may arise from recombination between repeats (Gaudriault et al., 2008) . While losing genes might appear to be a hazardous adaptive strategy, it does occur at high rates among mismatch repair genes, mutS and mutL, in enterobacteria (Bjedov et al., 2003) . The loss of these genes increases mutations rates 100-to 1000-fold. This typically leads to a high load of deleterious changes, but in maladapted populations, the rate of adaptive mutations may be enough to allow mutators to increase in frequency . It has been proposed that such deletions arise frequently because these genes are particularly rich in close repeats , and indeed mutS deletions in mutator populations of Pseudomonas aeruginosa show close small repeats at the edges (Oliver et al., 2002) . Natural populations of E. coli contain 1-5% of mutator strains that, upon acquisition of an advantageous mutation, increase in frequency because they hitchhike with it. The newly welladapted strain is better off if it loses its mutator phenotype, because in well-adapted populations the frequency of adaptive over deleterious mutations is lower. It is therefore adaptive for the new variant to revert to the nonmutator phenotype. This occurs at high frequencies because the loss of mismatch repair renders homologous recombination more permissive, thereby facilitating the recovery of the intact genes by horizontal transfer. Indeed, mismatch repair genes show very high rates of recombination (Denamur et al., 2000) . Gene deletion can be only partial and thereby allow intermediate mutation rates, as is the case in some isolates of Pseudomonas putida, where a third of the mutS gene is missing (Kurusu et al., 2000) . Experimental deletion analysis of the mutS gene of E. coli indicates that several large regions of the protein can be deleted, affecting the DNA binding and dimerization properties of the protein to varying degrees (Wu & Marinus, 1999) . Therefore, different mutation rates may result from different recombinationmediated deletions between repeats.
It is unclear whether this model can be extended to many other functions. Losing a mismatch gene increases the likelihood of receiving one by horizontal transfer because recombination barriers are diminished. Most genes have no such feedback effect. Furthermore, this strategy is limited to prokaryotes with high rates of horizontal gene transfer such as E. coli, Pseudomonas or Neisseria. For genomes under sexual isolation, gene deletion is irreversible. In this case, the larger the number of repeats in a gene, the more likely its irreversible deletion from the genome. It has been suggested that reductive evolution of obligate intracellular symbionts resulted from deletions mediated by recombination between repeats (Frank et al., 2002) . An example of this is provided by Buchnera, which are sexually isolated endosymbiotic bacteria proliferating in the very protected intracellular environment of aphids (Baumann et al., 1995) . The comparison of two completely sequenced genomes of these bacteria showed that genes with a higher frequency of closely spaced repeats were more likely to be partially or totally deleted (Rocha, 2003a) . Pseudogenization in these genomes was then confirmed to often result from deletions between close repeats (Gomez-Valero et al., 2004) . Such a scenario of reductive genome evolution by recombination-mediated deletions between close repeats will only unfold in the absence of horizontal transfer, counterbalancing gene loss. Accordingly, small genomes undergoing horizontal transfer, such as mollicutes (Sirand-Pugnet et al., 2007) , have many repeated elements involved in the evolution of virulence (Razin et al., 1998; Rocha & Blanchard, 2002) and do not show systematic evidence of further reductive evolution. One should note that gene deletions may occur even in the absence of repeats, especially in mutator populations (Nilsson et al., 2005) .
Transient gene silencing
A reversible way of function gain and loss is naturally by gene expression regulation. Functions are not lost when gene expression can be turned on or off under specific conditions. Yet, handling a stress by regulating the expression of an appropriate response is impossible when both the stress and its solution are unforeseeable or they are lethal in such a short period that gene regulation cannot operate efficiently. This is often the case for pathogens tracked by the immune system (Moxon et al., 2006) . In this case, cells recollect no signal that their exposed proteins are being targeted by the immune system (when they are effectively targeted, it is too late). In this case, a classical gene regulation strategy is not efficient. Instead, if microbial cells are constantly changing the repertoire of proteins at the surface, then there is a constant generation of new elements in the population with variants that may escape the immune system. Contingency loci are elements that are stochastically turned on and off resulting in random variation, phase variation, of the expression of the proteins under diversifying selection (Moxon et al., 1994) . They can result from different mechanisms. In a manner similar to antigenic variation in Borrelia, they may involve homologous recombination between one master gene and repeats in the chromosomes. Yet, contrary to the previous examples, in this case, recombination leads to gene inactivation or silencing. For example, the expression of the type IV pilin of Neisseria gonorrhoeae can be silenced by recombination, followed by gene conversion with silent repeats in the genome (Swanson et al., 1986) .
In some cases, site-specific recombination systems are activated stochastically to produce chromosomal rearrangements leading to phase variation (Komano, 1999 ). Yet, the most frequently found elements supporting contingency loci are repeats engaged in strand-slippage (Henderson et al., 1999) , most notably SSR located either at the regulatory regions or in the genes themselves. SSR are unstable and thus endure frequent expansions and contractions. An SSR between the À 10 and the À 35 boxes of promoters will, by slippage, alter the spacing between the two motifs and thus abolish gene expression. An SSR in genes with a motif that is not a multiple of 3 may, by slippage, break the reading frame and lead to the production of an inactive protein. As a result of their instability, SSR are less frequent than expected in prokaryotic genomes, especially inside genes (Field & Wills, 1998; Ackermann & Chao, 2006) , but, when present, they are often associated with genes under diversifying selection.
Hence, while SSR are typically purged from genomes, their presence can be selected for when it leads to the creation of contingency loci for functions under diversifying or negative frequency-dependent selection. There is ample evidence for the roles of SSR under such circumstances, especially regarding the evolution of pathogenic bacteria to escape the immune system (reviewed in van Belkum et al., 1998; Moxon et al., 2006) .
An important property of SSR is that changes in copy number are heritable and reversible. By subsequent contraction and expansions, it is possible for a gene to oscillate between expression and silencing. This is unattainable for deletions between spaced repeats, which require hazardous recovery of the missing sequence by horizontal transfer. Switching rates of contingency loci are generally around 10 À2 to 10 À5 per generation. This is five to eight orders of magnitude higher than mutation rates in E. coli. For example, the vsa locus of Mycoplasma pulmonis contains a set of genes that are large tandem repeats of motifs of 36-57 nt, i.e. 12-19 amino acids (Shen et al., 2000) . The instability of the loci is so large that no single clone could be obtained and the genome sequence displays the most frequent alleles (Chambaud et al., 2001) . While considerable emphasis has been placed on the role of SSR in genes associated with pathogenesis, they also exist in nonpathogens; for example in B. subtilis strains, motility is abolished by variation in a tandem of eight adenines (Kearns et al., 2004) . Interestingly, the loss of mismatch repair genes leads to SSR instability when motifs are o 4 nt (Richardson & Stojiljkovic, 2001; Bayliss et al., 2004) . Hence, gene deletion in mutS amplifies mutation rates in general, but more intensely so in SSR. This shows the tight associations that can be created within the different ways of generating variability in times of stress by means of recombination between repeats. While recombination between repeats may inactivate genes associated with mismatch repair, the loss of the latter leads to higher and more permissive recombination processes that result in further generation of genetic diversity.
It is important to note that the study of repeats as recombination reservoirs and as promoters of gene deletion or silencing has been carried out almost exclusively in obligatory or facultative pathogenic bacteria and in light of antigenic variation. Yet, repeats are frequent in many different genomes, and as noticed above they are widespread in free-living bacteria. Also, even within the studies on pathogenic bacteria, there is a large diversity of ways used to generate variability. As we have described, these include gene conversion, gene silencing and gene inactivation. While there are exceptions, large repeats engaging in homologous recombination or site-specific recombination tend to be associated with protein sequence variation, while close repeats are involved in gene inactivation and SSR in phase variation. It remains a challenge to understand the roles of these different repeats from genome analysis alone. It is also largely unknown what are the roles of repeats in free-living bacteria, both in the type of targeted functions and in the frequency with which variation occurs.
The impact of selfish DNA Upon insertion, TEs may affect the expression of nearby genes, either by interrupting/silencing them or by enhancing their expression. TE elements also provide a structural basis to duplications, deletions, rearrangements and the incorporation of foreign DNA either by active transposition or by homologous recombination between the multiple copies present in a genome (Naas et al., 1995; Alokam et al., 2002; Kothapalli et al., 2005; Redder & Garrett, 2006) . TE can mediate the transfer of genetic information between genomes or between replicons of the same genome. They have thus been found to shuttle the transfer of adaptative traits, such as antibiotic resistance (Boutoille et al., 2004) , virulence (Kunze et al., 1991; Lichter et al., 1996) and new metabolic capabilities (Schmid-Appert et al., 1997) . TE are believed to undergo frequent horizontal transfer and cycles of expansion and extinction within a given species, most likely as a consequence of transfer between genomes and plasmids (Wagner, 2006) . Their expansion, genome location and diversity may differ among closely related species, representing an important source of genomic diversity and plasticity (Schneider et al., 2002; Brugger et al., 2004; Nascimento et al., 2004; Yang et al., 2005) . For example, Bordetella bronchiseptica lacks IS elements, which is in stark contrast to the 261 and the 112 ISs in B. pertussis and Bordetella parapertussis genomes, respectively (Parkhill et al., 2003) . Also, only 20 ISs elements were found in the Yersinia pseudotuberculosis chromosome, whereas two different strains of Yersinia pestis have 117 and 138 copies of ISs (Chain et al., 2004) . As a result of IS expansion, the genome of Y. pestis has endured many recent rearrangements (Fig. 9) . IS may induce rearrangements either during homologous recombination or when transposing. It has been proposed that IS expansions are associated with a large number of factors, for example pathogenicity (Parkhill et al., 2003) , selection to generate variability (Shapiro, 1999) , human or ecological associations (Mira et al., 2006) or the frequency of horizontal gene transfer (Wagner, 2006) . While horizontal transfer seems necessary for the existence of IS, genome size is to date the only statistically significant determinant of IS abundance (Touchon & Rocha, 2007) . Indeed, the numbers and density of IS increase rapidly with genome size, which is the exact inverse trend found for the density of genes under strong selection such as essential genes, suggesting that ISs are as strongly counter-selected as the average gene is under strong selection.
Because the activity of TE has a direct impact on cell survival, control of transposition is tightly regulated at the transcriptional and translational level (for a review, see Nagy & Chandler, 2004) . In addition, several host proteins have been identified as part of the transpososome, whose assembly may be controlled by host factors, thus integrating transposition activity into the host physiology (Gueguen et al., 2005) . Some equilibrium must be found between the impact of transposition events for the successful maintenance of the element and host viability. How the differential expansion occurs even among closely related species and strains remains to be fully understood, but is likely the result of changes in the efficiency of purifying selection and also due to uncontrolled proliferation of some elements (Wagner, 2006; Touchon & Rocha, 2007) .
Transient amplifications and amplicons
As mentioned previously (see Generic Repeats), two repeats separated by a spacer have the capacity to serve as amplicons, i.e. units that may amplify in tandem. If the flanking repeats are long and distant, the amplification will engage homologous recombination. If the repeats are close they will engage slipped-strand mispairing. If they are both long and close they will engage both. While we have mentioned the doubts surrounding the relevance of such structures for the creation of stable paralogues, many results show that these structures accelerate adaptation by transient amplifications of genetic material (Anderson & Roth, 1977) . Tandem amplifications can affect almost any region of genomes because small close repeats are abundant and any pair of copies of a repeat can lead to amplification by either homologous, if they are large, or illegitimate recombination, if they are close. Some genomes, for example the ones very G1C or A1T rich, are more likely to contain small repeats that can start the process of amplicon formation (Achaz et al., 2002) . They may thus be more prone to the creation of amplicons by recombination processes. TEs or rRNA genes may also be efficient starting points to the creation of amplicons and thus create hotspots of amplicon formation in genomes. In some rare cases, amplicons are extremely deleterious because they duplicate genetic elements that are needed in strictly single copies, but in the majority of cases they are neutral, i.e. without effect on fitness, beneficial or only mildly deleterious.
Amplifications show a high diversity of occurrence between regions because the frequency of recombination depends on the repeat size and similarity, their relative distance, the natural selection of the ensuing amplification and the probability of recombination between such chromosomal locations. In S. enterica, the frequencies of amplification can be as high as 3% per generation when they involve rRNA gene operons (Anderson & Roth, 1981) . The amplification of an amplicon in the genome generates two large tandem repeats often spanning regions 4 10 kb (Edlund & Normark, 1981; Jannière et al., 1985; Smith et al., 1988) , and sometimes even 100 kb (Romero et al., 1991; Kugelberg et al., 2006) . Such large repeats unbalance simultaneously the dosage of many genes and retard replication. They are therefore unlikely to be strictly neutral. For example, it has been observed that smaller amplicons resulting from deletion of larger ancestral ones amplify to larger numbers with lower growth consequences (Kugelberg et al., 2006) . Because repeats are abundant in genomes, a given locus can be under the action of several amplicons.
Most amplicons are very stable and amplify at low rates. Yet, amplification produces large tandem repeats that recombine at high frequencies. The very large repeats resulting from amplifications are remarkably unstable, and homologous recombination quickly leads to either deletion or further amplification (Romero & Palacios, 1997) . Therefore, the rate-limiting step of the process corresponds to the initial amplification. Most experiments stimulating amplifications in genomes proceed by the inclusion of a gene with insufficient expression or efficiency. Amplifications covering this region will then be fixed if the gene function is under strong selection. Tandem arrays of drug resistance determinants can number over 50 copies and thus occupy significant fractions of the chromosome, up to 7.5% in B. subtilis or 10% in Deinococcus radiodurans (Smith et al., 1988) . It has been proposed that some amplicons may attain particularly high amplification numbers, 45 copies in 2 h, by mechanisms that involve rollingcircle replication (Petit et al., 1992) . Several amplifications with important consequences are known. In Vibrio cholerae, the amplification of the cholera toxin proceeds by amplicons of 7 and 9.7 kb and the level of amplifications correlates with virulence (Mekalanos, 1983) . Similarly, the Shiga toxin genes in Shigella dysenteriae endure tandem amplification with a concomitant increase in toxin production (McDonough & Butterton, 1999) . In Haemophilus influenzae the capsule formation genes, which are stably duplicated, undergo further amplifications in children with meningitis and this is thought to improve invasiveness (Corn et al., 1993) . Tandem amplifications have been associated with resistance to drugs also among natural isolates of E. coli (Nichols & Guay, 1989) and Streptococcus agalactiae (Brochet et al., 2008) . It has even been proposed that clusters of functional neighboring genes, such as operons, are maintained to allow their coamplification (Reams & Neidle, 2004) .
Many plasmids insert in the chromosome by duplication insertion, involving the production by homologous recombination of two copies of a repeat at the edges of the integrated element (Fig. 1) . This is exactly the structure of an amplicon. Elements integrated in this way are immediately ready to be further amplified (Haldenwang et al., 1980; Smith et al., 1988) . Laterally transferred genes are typically maladapted for expression on the host because their regulatory genes do not allow optimized expression. If they are amplified in the chromosome in high copy number, they may then adapt more rapidly by the joint action of three effects. First, the amplified regions offer a larger mutation target, i.e. even at stable mutation rates there will be more mutations accumulating in the amplified set of genes than in a single-gene locus. Second, recombination between repeats may engage the action of an error-prone polymerase and thus become locally mutagenic. Third, these repeats will accumulate changes and allele reassortment may occur within chromosomes by recombination between the copies, accelerating the combination of favorable changes in one gene. Transient amplifications have been suggested to explain the velocity with which leaky lac mutants revert to lac 1 more rapidly under conditions of stress (Cairns & Foster, 1991; Roth & Andersson, 2004) . While the subject is still highly controversial (Stumpf et al., 2007; Gonzalez et al., 2008) , amplification of the leaky lac locus occurs at high rates and leads to higher than expected reversions as predicted by the selective gene amplification model (Hendrickson et al., 2002) . Amplification can also result in higher evolutionary rates by leading to increased mutagenesis. The duplication of the DinB error-prone DNA polymerase leads to increased mutagenesis, by producing a transient mutator phenotype . Accordingly, it has been proposed that amplification increases significantly in times of stress (Slack et al., 2006) . For example, starved E. coli cells adapt through a small 46-bp duplication in the rpoS gene, the stationary phase-associated s factor, because it results in a 'reduced function' phenotype (Zambrano et al., 1993) . Hence, by allowing the formation of amplicons, repeats can accelerate evolutionary processes in multiple ways.
The fate of repeats
It is the fate of repeats to disappear. This can take very diverse time frames depending on the repeats. Genes under prolonged selection for gene dosage effects will last in genomes until such selection ceases. rRNA gene operons can thus remain in multiple copies for hundreds of millions of years as shown by the conservation of rRNA gene multiplicity in Escherichia, Salmonella and Yersinia. Some repeats will fade away because they accumulate point mutations. Even if they may remain in genomes, they will end up by losing the ability to recombine and therefore cease to be considered as repeats. Finally, repeats carrying no significant lasting advantage will disappear quickly either by deletion or by counter-selection, i.e. elimination of the lineage from the population. As a case in point, most of the large-scale duplications we found in our survey are contiguous and the copies of the repeats are strictly identical. This suggests that they are very recent segmental duplications. Because one does not observe large ancient segmental duplications in genomes, it follows that most very large amplifications are quickly deleted.
The creation of a repeat impacts genomes because it changes the genetic information and because it creates a recombination hotspot. The fitness difference associated with the repeat will result from the functional effect of the change plus from the average effects of recombination events involving the repeats weighted by their probability of occurrence. If the net fitness effect is negative, the individuals with the repeat will be removed from the population. Recombination events creating large deletions or inversions of genetic material are expected to be particularly deleterious. The effects of deletions are explained by the loss of associated functions, whereas the effects of large inversions result from selection for chromosome organization (Rocha, 2008) . The rearrangement rate between large repeats in E. coli is high (10 À5 per generation for pairs of rRNA gene operons) (Hill & Gray, 1988) , but the number of fixed rearrangements is extremely low, a handful between E. coli and S. enterica, which diverged by an estimated c. 10 10 generations. Hence, while genomic rearrangement rates are close to genomic mutation rates, rearrangements are much more rarely fixed in populations than point substitutions because of their deleterious effects. Because the stability of genomes is largely a result of the rearrangements between repeats and ensuing natural selection, this means that (1) selection for organization is extremely strong and the vast majority of rearrangements are purged (Rocha, 2006) ; (2) genomes with many repeats exhibit high rearrangement rates and are less fit regarding chromosome organization and gene repertoire stability (Rocha, 2003b) . As an example, the aforementioned highly repetitive genomes of O. tsutsugamushi, B. pertussis and Y. pestis show extremely large numbers of rearrangements and pseudogenes when compared with closely related species. Interestingly, the careful analysis of the rearrangements between the strains of Y. pestis shows that successive rearrangements accumulated following paths that were at each time point less deleterious than expected by chance (Darling et al., 2008) . In all the three bacteria, such rearrangements seem to have been mediated by sudden expansions of IS (Fig. 9) . These patterns are not circumscribed to rearrangements between IS elements because similar qualitative patterns of repeatmediated rearrangements are found between rRNA gene operons (Hill & Harnish, 1981) . However, no other repeated element is found in such large amounts as IS in genomes, which can span hundreds of identical copies. The size of genomes is largely the result of the balance of forces increasing genetic information, horizontal transfer and amplifications, and forces removing genetic information, selection and genetic deletions. DNA lacking adaptive value is very quickly deleted, which has led to suggestions that there is a strong deletion bias in prokaryotic genomes (Lawrence et al., 2001; Mira et al., 2001) , i.e. that recombination creates more deletions than amplifications. One should note that the dynamics of the system does not require a rate of deletion higher than that of amplification. As we mentioned previously, the limiting step in the formation of the amplicon is the creation of the flanking repeats. A deletion of these repeats will result in a sequence that will lead to a new amplicon at very low rates (Fig. 1) . On the other hand, large tandems of amplicons are expected to be deleterious under most circumstances because they are a focus of genetic instability and they create a severe imbalance in the gene dosage. Hence, the absorption state of the deleted amplicon, together with counter-selection of large amplifications, will result in a deletion bias (Koch, 1979 ). Yet, given the high rates of gene deletion there have been attempts to identify mechanistic biases in the absence of selection. Some have argued that there is no mechanistic evidence for such a bias (Lovett, 2004) . Others have found experimental evidence that in SSR supposedly under neutral evolution, i.e. without selection for or against SSR, deletions are more frequently observed than insertions at a rate of 2 : 1 in H. influenzae (De Bolle et al., 2000) , 3 : 1 in Mycoplasma gallisepticum (Metzgar et al., 2002) and 10 : 1 in E. coli (Morel et al., 1998) . These biases appear to be excessively high to be explained without a deletion bias in slippedstrand mispairing. Interestingly, among the three cited genomes, E. coli is the one with fewer SSR, in line with the observed stronger deletion bias. If deletions are mechanistically more frequent than amplifications, then the short life of many repeats in genomes could simply result from stochastic effects and might explain why large tandem amplifications occur at high rates, but are rarely found in genome sequences.
For the same number of repeats, certain chromosomal distributions of the copies are less disruptive upon deletion or inversion than others. For example, close repeats will affect smaller fractions of the genome. Indeed, repeats tend to be distributed nonrandomly in genomes in such a way as to exert less negative effects on the chromosome upon recombination than expected by chance (Achaz et al., 2003) . In our dataset, there are 1.5 times more direct than inverted repeats (Z25 nt), which might result from selection against inversions mediated by inverted repeats. They are also distributed more symmetrically around the origin of replication than expected, suggesting counter-selection of repeats that lead to asymmetric inversions (Achaz et al., 2003) .
In summary, repeats are opportunities, in the sense that they allow the generation of novel functions from preexisting ones by evolutionary tinkering (Jacob, 1977) , but they are also a problem, in that they challenge chromosome integrity and organization. As a consequence, understanding their role in genomes must account for the rate at which they are created and for their consequences from a functional and evolutionary perspective. The initial steps of such studies, repeat identification, contextualization and evolution, are now much simpler, thanks to genome sequences and bioinformatics. Because we ignore the role of many of the 111 268 repeat families we found in prokaryotes, there are fine perspectives for further experimental, computational and theoretical work.
